General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 




Tribological Properties of Boron Nitride 
Synthesized by Ion Beam Deposition 


(MASA-Tfl-e6962) IBIBCLCGICIL PBOPBITIBS OF 
fiCBOl NITBIDB SIHIB1SIZED EX ION BBAfl 
DBPOSITIO I (NASA) 15 p BC A0 2/BF A0 1 

CSCL 11G 


Onclas 
G3/27 14529 


Kazubto Miyoshi, Donald H. Buckley 
and Talivaldis Spalvins 
Lewis Research Center 
Cleveland, Ohio 


Prepared for the 

12th International Conference on Metallurgical Coatings 
sponsored by the American Vacuum Society 
Los Angeles, California, April 15-19, 1985 


TRIBOLOGICAL PROPERTIES OF BORON NITRIDE SYNTHESIZEO BY ION BEAM DEPOSITION 

Kazuhlsa Mlyoshl, Donald H. Buckley, and Tal 1 valdls Spalvlns 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


SUMMARY 

An Investigation was conducted to examine the adhesion and friction behav- 
ior of boron nitride films (BN coating, 2 ym thick) on 440 C - bearing stain- 
less steel substrates. The thin films containing the boron nitride were 
synthesized using an Ion beam extracted from a borazlne ( B 3 N 3 H 5 ) plasma. Slid- 
ing friction experiments were conducted with BN In sliding contact with Itself 
and various transition metals (T1, Zr, V, Fe, N1 , Pd, Re, and Rh) at a sliding 
velocity of 3 mm/mln with a load to 0.2 N at room temperature and In a vacuum 
of 30 nPa. The results of the Investigation Indicate that the surfaces of 
atomically cleaned BN coating film contain a small amount of oxides and car- 
bides, In addition to boron nitride. The coefficients of friction for the BN 
In contact with metals are related to the relative chemical activity of the 
metals. The more active the metal, the higher Is the coefficient of friction. 
The adsorption of oxygen on clean metal and BN Increases the shear strength of 
the metal - BN contact and Increases the friction. The friction for BN-BN con- 
tact Is a function of the shear strength of the elastic contacts. Clean BN 
surfaces exhibit relatively strong Interfaclal adhesion and high friction. The 
presence of adsorbates such as adventitious carbon contaminants on the BN sur- 
faces reduces the shear strength of the contact area. In contrast, chemically 
adsorbed oxygen enhances the shear strength of the BN-BN contact and Increases 
the friction. 


INTRODUCTION 

In recent years, the Increasing potential for the use of ultrahard and 
high temperature materials such as ceramics In tribological systems and In 
thermodynamically efficient engines (Stirling, adiabatic diesel, and gas tur- 
bine) In both ambient and space environments has emerged as representing criti- 
cal needs for NASA, Industry, DOE, and DOD. 

Following the successful synthesis of diamond In 1955, stable phase of 
cubic boron nitride has also been produced In bulk form (ref. 1). In the 
1970's It was recognized that unusual phases can be synthesized by particle 
fluxes containing energetic, Ionized species In deposited coating material. 
Transparent carbon films with diamond like properties formed by direct C* Ion 
beam deposition were demonstrated In 1971 (ref. 2). Further, cubic phase boron 
nitride (CBN) thin films were produced by Ion beam plating or Ion beam deposi- 
tion (refs. 3 to 5). 

The objective of the present Investigation was to examine the adhesion 
and friction of BN films (2 ym thick) on metal substrates. The thin films 
were synthesized using an Ion beam extracted from a borazlne (B 3 N 3 H 5 ) plasma 
(ref. 5). Shanfleld and Wolfson reported evidence for the presence of CBN In 
films produced by this deposition method. They also Indicated a film stoichi- 
ometry corresponding to boron nitride. Sliding friction experiments were con- 
ducted with the BN films on 440 C bearing stainless steel substrates In sliding 


contact with BN Itself and various transition metals (T1, Zr, V, Fe, N1, Pd, 
to, and Rh) at a sliding velocity of 3 mm/mln with a load to 0.2 N at room 
temperature and In an ultrahlgh vacuum system (30 nPa). X-ray photoelectron 
spectroscopy (XPS) analysis of the BN films were also conducted. 


MATERIALS 

Thin films (2 wm thick) containing BN have been synthesized using an Ion 
beam extracted from a borazlne (B3N3H5) plasma. The substrates were 
440 C bearing stainless steel. The metals were all polycrystalllne. The 
titanium was 99.97 percent pure; the vanadium was 99.95 percent pure; and all 
the other metals were 99.99 percent pure. 


APPARATUS 

The Ion source used to deposit BN films Is presented In figure 1 and Is 
described In reference 5. The tribological apparatus used In this Investiga- 
tion was an ultrahlgh-vacuum system capable of measuring adhesion, load, and 
friction and conducting XPS analysis. The mechanism for measuring adhesion, 
load, and friction Is shown In figure 2. The friction apparatus was basically 
a pin on a flat configuration. The major components for the XPS analysis shown 
In the figure Include the energy analyzer, x-ray source, and the Ion gun used 
for Ion sputter etching. The x-ray source contained a magnesium anode. 


EXPERIMENTAL PROCEDURES 
Specimen Preparation 

The 440 C bearing stainless steel substrates were flats and hemispherical 
pins (see fig. 1). The flat and pin specimens were polished with diamond 
powder (of particle diameter 3 pm) and with aluminum oxide powder (diameter, 

1 pm). The Ion beam synthesis was conducted on these surfaces. The Ion beam 
synthesis procedure for the deposition of BN Is described In reference 5. The 
radius of 440 C bearing stainless steel pin with the deposited film of BN was 
4.8 mm. 

The sliding surfaces of the polycrystalllne-transltlon metal pin were 
hemispherical and were polished first with diamond powder 3 and 1 pm In diam- 
eter and then with AI2O0 powder 1 pm In diameter. The radii of curvature 
of the metal pins were 0.79 and 1.58 mm. The surfaces of the pin specimens 
were rinsed with absolute ethanol before the friction experiments. 


PROCEDURE 

For the experiments In vacuum the specimens were placed In the vacuum 
chamber, and the system was evacuated and baked out to achieve a pressure of 
30 nPa (10- 10 torr). 

In situ friction experiments were conducted with a load to 0.2 N applied 
to the pin-flat contact by mechanically deflecting the beam through precision 
manipulators. Sliding was Initiated by moving the beam In a vertical direction 
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parallel to the flat surface. To obtain consistent experimental conditions, 
the time In contact before sliding was kept constant at 30 s. The friction 
force was continuously monitored during a friction experiment. The sliding 
velocity was 3 mm/s with a total sliding distance of about 5 mm. All In situ 
experiments were conducted In a vacuum of 30 nPa or lower at room temperature. 
The values of coefficients of friction reported herein were obtained by averag- 
ing four or more measurements. 

Ion-sputter etching was performed with a beam energy of 3000 eV at 20-mA 
beam current with an argon pressure of 0.7 mPa. The Ion beam was continuously 
rastered over the specimen surface. After sputter etching, the system was 
reevacuated to a pressure of 30 nPa or lower. The surface cleanliness was 
verified by XPS analyses. 

In those experiments designed to examine the adsorbed-oxygen effect on 
friction, atomically sputter-cleaned specimens were exposed to 1000 L 
(L ■ lxl0 _6 »torr s) of O 2 with an oxygen pressure of 0.7 mPa (5xl0 -6 torr). At 
completion of the exposure, the vacuum system was reevacuated to a pressure of 
30 nPa or lower. The surface chemistry of the specimens was then examined 
again by XPS analysis. 

The XPS Instrument was calibrated regularly. The analyzer calibration 
was determined by assuming the binding energy for the gold 4f 7/2 peak to be 
83.8 eV. The MgKa x-ray was used with an x-ray source power of 400 K 
(10 kV-40 mA). The spectra were obtained with a pass energy of 25 eV and 
50 eV. 


RESULTS AN0 DISCUSSION 
The Boron Nitride Surface 

Since XPS-survey spectra, scans of 1100 eV, o* BN surfaces obtained before 
argon Ion sputter cleaning revealed oxygen and carbon peaks. Individual XPS 
spectra of B-| S , N-| S , C-| S , and 0-| S were taken and are presented In figure 3 (top 
traces). The BN was In the as-received state after It had been baked out In 
the vacuum system. In addition to boron nitride, the XPS peaks Indicate adven- 
titious adsorbed-oxygen and carbon on the surface. 

The surface was next argon Ion sputter cleaned for 70 min. The adsorbed 
carbon and oxygen contamination peaks nearly disappeared from the survey spec- 
tra after 20 and 30 min sputter cleaning, respectively. Typical examples of 
the Individual XPS spectra of B] S , N-j s , 0-| S and C-| S obtained from narrow scans 
on the sputter cleaned BN surface are presented In figure 3 (bottom traces). 

The B-| S photoelectron emission lines of the BN are primarily peaked at 
190 eV which Is associated with BN. They also Include a small amount of B 4 C, 
labeled as such In figure 3(a). 

The N] s photoelectron lines for the BN peaked primarily at 397.9 eV, which 
Is again associated with BN. 
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The C] S photoelectron lines taken from the as-received surface at 284.6 eV 
are the adsorbed carbon contamination with a small amount of carbides present. 
After sputter cleaning the adsorbed carbon contamination peak disappears from 
the spectrum and the relatively small carbide peaks are seen In the spectrum of 
the sputter cleaned surface. 

The 0-| S photoelectron lines of the as-recelveu BN surface peaked at 
531.6 eV are the adsorbed oxygen contamination and oxides. After sputter 
cleaning the adsorbed oxygen contamination peak disappears from the spectrum, 
but the oxide peaks remain. 

The peak Intensity for both boron and nitrogen associated with BN 
Increased with argon Ion sputter cleaning, while that for carbon and oxygen 
decreased markedly. The XPS analyses clearly Indicate the presence of a small 
amount of oxides and carbides on the BN surface even after argon Ion sputter 
cleaning for 30 min or more. The contaminants such as carbides (e.g., B 4 C) and 
oxides may be Introduced to the BN film during the Ion beam synthesis process. 

For the adhesion and friction experiments reported herein, the surfaces 
of the BN were argon Ion sputter cleaned and the XPS spectra of the surfaces 
were very similar to those shown In figure 3. 


Friction 

BN-BN contact . - Single pass sliding friction experiments were conducted 
with BN coated on 440 C bearing stainless steel flat In contact with Itself on 
440 C steel pin In vacuum at a pressure of 30 nPa. The surfaces of BN coated 
flat and pin specimens were In three states of as-received, argon Ion sputter 
cleaned, and exposed to 1000 L oxygen after sputter cleaning. 

Friction force traces resulting from sliding were primarily characterized 
by both stick-slip and randomly fluctuating behavior. 

The coefficients of friction measured for the surfaces at various normal 
loads are presented In figure 4. The basic friction characteristics for the 
surfaces In the three states were similar That Is, the coefficient of fric- 
tion Is not constant but decreases as the load Increases under all three sur- 
face conditions. T.> a first approximation for the load range Investigated, the 
relation between coefficient of friction (p) and load (W) Is given by an 
expression of the form p * kluH^ 3 . The Inverse minus 3 power may be Inter- 
preted most simply as arising from an adhesion mechailsm, the area of contact 
being determined by elastic deformation (refs. 6 and 7'. Friction Is a func- 
tion of the shear strength of the elastic contact area. The shear strength of 
the elastic contact area Is strongly affected by adsorbates. The adsorbates 
such as carbon contaminants present on the as-received surfaces exhibit uni- 
formly low shear strength over the entire load range. The coefficients of 
friction for the sputter cleaned surfaces of BN are higher than those for the 
as-received surfaces. Thus, the presence of the adsorbates on the BN surfaces 
reduced the shear strength of the contact area. 

In contrast, contacts of the BN surfaces, which were exposed to oxygen 
after sputter cleaning, exhibited that the chemically adsorbed oxygen enhanced 
shear strength of the contact area and Increased coefficient of friction. In 
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this case strong oxide - BN or oxide - oxide bonding between oxidized BN sur- 
faces was taking place at the Interfaces and raised the shear strength. 

N etal-BN contact . - Both nitrogen and boron Interact with most metals. It 
may, therefore, be possible by the removal of adsorbates from BN and metal sur- 
faces to achieve strong bonding between BN and metal surfaces. Further, It may 
be possible to determine whether the chemical activity or Inactivity of a metal 
plays a role In the adhesion and friction of BN to metals. 

Sliding friction experiments were conducted with BN sliding against vari- 
ous transition metals (metals with partially filled d shells) with loads of 
0.05 to 0.2 N. 

The friction traces were primarily characterized by stick-slip behavior 
over the entire load range to 0.2 N with all the metals. This type of friction 
Is anticipated where strong adhesion occurs at the Interface. Further, there 
was no change In coefflclei.t of friction with applied normal load Indicative 
of occurrence of plastic deformation In metals at the real area of contact. 

In fact, the wear scar on the metal pin, after It slid against BN coating, 
revealed evidence of plastically deformed grooves and Indentations. The metals 
examined failed In shear or tension at some of the real areas of contact where 
the Interfaclal bonds were stronger than the cohesive bonds In the metal. 

The relative chemical activity of the transition metals as a group can be 
ascertained from their percent d valence bond character after Pauling 
(ref. 8). The greater the percent d bond character, the less active Is the 
metal. Adhesion and friction properties of the transition metals sliding on 
the surfaces of bulk metals and nonmetalllc materials (diamond, SIC, Mn-Zn 
ferrite, and pyrolytic hexagonal BN) have been shown to be related to this 
character (refs. 9 to 13). The greater the percent d bond character (the 
less active the metal), the less the coefficient of friction. Whether a simi- 
lar concept applies to the Interactions of ceramic coating thin fllm-to-metal 
Interfaces Is a matter of Interest. 

The coefficients of friction for a number of transition metals with BN 
coating are presented In figure 5 as a function of the d bond character of 
the transition metal. There appears to be good agreement between friction and 
chemical activity of the transition metal. Titanium and zirconium both having 
strong chemical affinity for boron and nitrogen (ref. 14) exhibit considerably 
high friction In contact with BN than do rhenium and palladium metals having 
lesser afflrmlty for these same two elements. 

The morphology revealed that the BN surfaces contacted by all the transi- 
tion metals were found to contain on the surfaces transferred films of metals. 
Similar transfer characteristics for metal on diamond, metal on Mn-Zn ferrite, 
and metal on silicon carbide were found (refs. 10 to 12). In the case of 
pyrolytic boron nitride, however, Buckley found that pyrolytic boron nitride 
transferred to the surface of all the transition metals examined (ref. 13). 

Figure 5 also presents the coefficients of friction for the metals In 
contact with the BN In which other clean metal and BN specimen., were exposed 
to oxygen gas. The data reveal the adsorption of oxygen on argon-sputter 
cleaned metal and BN coated surfaces produce two effects: (1) the metal and 

BN oxidize and form an oxide surface layer, and (2) the oxide layers Increase 
the coefficient of friction for metal-to-BN Interfaces. 
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The oxygen exposure did strengthen the metal-to-BN adhesion and Increased 
the friction. The enhanced bond of the oxides between metal to BN may be due 
to the formation of complex oxides on establishing contact. 

Lastly, It Is Interesting to compare the foregoing friction results for 
BN-BN coating and metal-BN coating contacts with those for other ceramic- 
ceramic, metal-metal, and metal-ceramic contacts. 

Figure 6 summarizes friction properties for ceramic-ceramic, metal-metal, 
and metal-ceramic contacts In vacuum environments . In addition to BN coating, 
ceramics of concern Include SIC, SI 3 N 4 , SIO 2 , ferrite In bulk form. Hetals of 
concerned Inrlude T1, Zr, Ta, Mo, Pt, Pd, Ir, Rh, and Fe. 

The data presented In figure 6 Indicate the marked difference In friction 
for the combination of solids. The coefficients of friction due to adhesive 
bonding for ceramic-ceramic and metal-ceramic contacts were much lower than 
those for metal-metal contacts. The coefficients of friction for metal-metal 
contacts are extremely high. In general, coefficient of friction for BN-BN 
contact can fit Into the category of ceramic-ceramic contact. The coefficient 
of friction for metal-BN contact can also fit Into the category of metal- 
ceramic contact. 

Figure 6 suggests that use of ceramic materials Including bulk and coating 
like forms In space and vacuum environments are beneficial from tribological 
considerations. 


CONCLUSIONS 

As a result of sliding friction experiments conducted with a boron nitride 
coating In sliding contact with BN Itself and various transition metals, the 
following conclusions are drawn: 

1. When the radius of curvature of the BN coated spherical pin Is 4.8 mm, 
deformation of BN Is principally elastic. The relation between coefficient of 
friction (y) and load (W) Is given by an expression of the form y - kW" 1 / 3 . 

The friction for BN-BN contact Is a function of the shear strength of the elas- 
tic contacts. Atomically clean BN exhibited strong Interfaclal adhesion and 
high friction. The presence of adsorbates such as adventitious carbon contam- 
inants on the BN surfaces reduced the shear strength of the contact area. In 
contrast, the chemically adsorbed oxygen enhanced shear strength of the contact 
area and Increased coefficient of friction. 

2. The coefficients of friction for BN In contact with metals were related 
to the relative chemical activity (d valence bond character) of the metals. 

The more active the metal, the higher the coefficient of friction. There was 
no change In coefficient of friction with applied normal load Indicative of 
occurrence of plastic deformation In metals at the real area of contact. 

3. The surfaces of sputter cleaned BN coating film contained a small 
amount of oxides and carbides, In addition to boron nitride. 
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Figure 1. - Ion sou r ce configuration used to deposit BN. Procedure: Deposition of boron nitride thin films using an 
ion-beam from a borazine (BjNjH^I plasma. Beam diameter: 10cm. 
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Figure 3. - XPS peaks o I BN films d«positad on 
440-C bearing stain Itss steel. (Top trices 
taken before sputtering; bottom trices, after 
sputtering for 4$ min. I 
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Figure i - Coefficient of friction is i function 
of laid for hemispherical BN pins In sliding 
contact with BN flats. Single-pass sliding: 
sliding velocity. 3mm/mln; vacuum. 30nPa: 
room temperature. 
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Figure 5. * Coefi dent of friction as a function of the 
percentage d-t d character of various metai: In 
sliding contact with BN and ef.ect of adsorbed oxygen 
on friction. Single-pass slidirg; sliding vefxlty. 
Jmmfmin; load, 105to(L2N: vacuum. 3nPa*, 
room temperature. 
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Figure 6. - Coefficients of friction for clean solid-* j-solid interfaces. Single pass slidlrj In vacuum ( 30 nPa). 




